stimulations to enhance axonal outgrowth. Among them, we selected a direct current electric field (DCEF) stimulation that can be loaded continuously in a certain direction. In recent years, numerous studies have been conducted to evaluate electric field stimulation effect to enhance axonal extension. It was reported that applying DCEF stimulation on PC12 cells promoted neurite extension, which was oriented towards the anode direction (Cork et al., 1994; Lynch et al., 2018; Jing et al., 2019) . Furthermore, the effects of DCEF stimulation on various types of nerve cells have been studied (Wood et al., 2006; Canillas et al., 2017; Rajnicek et al., 2006 Rajnicek et al., , 1992 Rajnicek et al., , 1998 . However, these studies were conducted under 2D culture condition. For 2D culturing, cells adhere to the bottom of the dish and flatten, and the axon may extend along the existing micro scratches on the bottom surface. In this case, it is thought that these scratches affect axonal outgrowth. Therefore, culture in a three-dimensional scaffold that mimics the in vivo environment more closely has attracted attention (Kraus et al., 2015; Arien-Zakay et al., 2009; Baldwin et al., 1996) . Kraus reported significantly extended axons by seeding Schwann cells and a mouse neuroblast, in collagen gel and performing 3D culture, as compared to 2D culture (Kraus et al., 2015) . In addition, Tang-Schomer disseminated rat cerebral cortex neurons on a three-dimensional scaffold. Because of the application of ACEF stimulation, it was reported that there was enhancement of axonal extension and that tend to orientation being perpendicular to electric field direction (Tang-Schomer, 2018) . This study on axonal orientation in 3D culture by ACEF stimulation was reported for the first time. From the above, it is necessary to evaluate the response of nerve cells to various stimulations in 3D culture. In addition, nerve regeneration therapy requires the construction of a neural network. To achieve this, the enhancement of axonal extension and the control of axonal orientation are extremely important.
In this study, we developed a novel 3D DCEF stimulation bioreactor for 3D nerve cell culture using collagen gel as a scaffold. We used PC12 cells for our study as they are widely used for in vitro studies regarding the nervous system. We determined the optimal stimulation condition for axonal outgrowth and orientation control. We had two main objectives: (1) to design and fabricate 3D DCEF stimulation bioreactor and (2) to explore the optimal stimulation conditions for 3D DCEF stimulation of the axonal outgrowth and orientation control of PC12 cells.
Materials and Methods 2.1 Development of a uniform DCEF stimulation bioreactor 2.1.1 Design of bioreactor using FE analysis for uniform electric field
We adopted salt bridges to apply the DCEF stimulation (Song et al., 2007) . This approach can eliminate the possibility of cell death due to cytotoxicity by metal ions produced by corrosion of the electrode. In the 3D culture of nerve cell, it is expected that the direction of the electric field will affect axonal orientation. Therefore, uniform vector direction of the electric field within the collagen gel scaffold is highly required. Therefore, finite element (FE) analysis was performed using the ANSYS Workbench (Ver. 18.0, CYBERNET Inc.). The uniformity of the electric field vector direction and the strength generated in the collagen gel were evaluated quantitatively. The FE analysis model of the bioreactor designed in this study is shown in Figure 1 . The bioreactor was composed of two electrolyte regions, the middle of the medium region and two salt bridges and Ag/AgCl electrode. By exposing the salt bridge in the X3 direction, the DCEF can be applied in the entire 3D medium region.
In this paper, the parameters used in the equation are summarized in nomenclature.3D electric field stimulation requires more energy to maintain stimulation compared to 2D. In our previously reported bioreactor (Tanaka et al., 2018) , there was a problem that 3D could only be maintained for up to 6 h of stimulation. Therefore, it is necessary to upgrade to a bioreactor that allows long-term stimulation. We determined a shape that can load high electric field strength with low supply voltage. As shown in Fig. 1 , the shape of the medium was changed to dumbbell shape, and Y was adopted as the design variable such as Y = 12 mm, 17 mm, 22 mm, 27 mm, and 32 mm. The direction of electric field vector was set to coincide with X1 direction. In this study, we defined the objective function as follows: ‖ ‖ = ; = 1 1 + 2 2 + 3 3 (1) −0.01 < 2 < 0.01
(2) −0.01 < 3 < 0.01
(3) In addition, we aimed to load uniform electric field strength within a collagen gel. Table 1 shows the properties of the material used for the electric field analyses.
We obtained the ratios of the electric field strength in X2 and X3 directions against X1 direction, and we determined the optimal condition to satisfy the objective function represented by the equations (1)-(3). In addition, DCEF strength distribution was analyzed to confirm the uniformity in the cylindrical collagen gel as culture region. Figure 2 shows the result of the contour diagram of electric field analysis (Y=12 mm). The FE analyses results confirmed the uniformity in the culture stimulation. Figure 3 shows the result of ni calculated by eq. (1) for each design variable. As shown in Fig 2, the bioreactor and collagen gel were divided into finite elements. In this FE analyses, the values of electric field vector E and its direction component Ei were derived in every finite element, and the mean value was obtained. When Y=12 mm, the eqs. (2) and (3) were satisfied, and the electric field vector was confirmed to be uniform in the X1 direction. In addition, because the larger the design variable Y, the higher the degree of freedom of Ei, it was suggested that the standard deviation of n3 was increased. Figure 4 shows electric field strength generated in the culture region for each design variable at the same applied voltage. The maximum electric field strength obtained at Y=12 mm was caused by the increase in current density due to the decrease in the value of the design variable Y. Therefore, we adopted Y=12 mm, which satisfied all objective functions.
NOMENCLATURE
: electric field (mV/mm) n : unit vector of electric field ‖ ‖ 
Design an electric circuit for constant electric field strength
A feedback control electric circuit for the application of a uniform electric field in the culture region was newly designed and fabricated, and reduced the influence of impedance change on the electrode and electrolyte solution on the anode side of the bioreactor. In this study, electric feedback circuit, as shown in Figure 5 , was adopted for constant electric field stimulation in the culture region for a period of 24 h, during which the electrolyte solutions and culture medium region were modeled by three series resistors, R4, R5, and R6, as shown in Fig. 5 . The potential difference between both ends of R5 was measured, and the potential difference of R5 was kept constant through an inverting amplifier. Since operational amplifiers OP2 and OP3 have high impedance, there occurred no current path during measurement. In addition, using seven diodes, D1-D7, the operating point of the circuit can be shifted without changing the loop gain under each stimulation condition. Unlike the fixed resistance, the response speed is slow in the culture solution, and it takes about 30 minutes to stabilize from the start-up. In order to increase sensitivity, the total open loop gain is set to high value. On the other hand, regarding the stabilization, it is necessary to keep the ion concentration constant by adopting the perfusing process of the electrolyte solution and culture medium on the anode side. Otherwise, it will exceed from the controllable range due to changes in the solution impedance.
Validation of fabricated 3D DCEF bioreactor
We conducted a verification experiment to confirm the uniformity of DCEF stimulation in the fabricated bioreactor adopting our newly developed electric feedback circuit. To evaluate the generated DCEF, we used a data logger (GL 900, GRAPHTEC Corp., Japan). The bioreactor was made from polycarbonate, which was adopted as the compatible material and was sterilized in the autoclave. Figure 6 shows the image of the fabricated uniform DCEF stimulation bioreactor. Two 0.5 Pt electrodes were installed to measure the potential difference between both ends of the collagen gel in the center of the medium region. The distance between the electrodes was 7.0 mm. These two Pt electrodes were connected to Op 2 and 3 as shown Fig. 5 . The DC power supply was connected to Vcc and GND, and the Ag/AgCl electrodes on both sides of the electrolyte regions in Fig. 6 were connected as R6 and R4 in Fig. 5 . Three electrodes were used to suppress corrosion of the anode of Ag/AgCl electrode. The applied voltage was a value that could give electric field strengths of 0 mV/mm, 30 mV/mm, 60 mV/mm, and 90 mV/mm in the culture region. The sampling interval was 5 sec, and electric field strength was measured for 96 h. We defined 10% on electric field strength as uniformity.
The Ag/AgCl electrode was prepared using an Ag plate and Pt wire in NaCl solution for 2 V and 60 minutes loading. Steinberg's solution used as the electrolyte solution was 1 mL MilliQ water mixed with 58 mM NaCl, 0.67 mM KCl, 0.34 mM Ca(NO3)24H2O, 0.83 mM MgSO4·7H2O, and 4.6 mM Tris. Then, HCl was added and the pH was adjusted to 7.5. Salt bridges were prepared by dissolving 2% agar powder with steinberg's solution and autoclaving. The solution was poured in a frame with care using a syringe to prevent bubbles from entering the frame, and kept for several minutes at about 25 C to gel. The cultured medium (see section 2.2) was poured in the middle region of the bioreactor and those prepared above. A perfusion system was attached to maintain the pH 7.2-7.6 of the medium because pH change could be caused by long time DCEF stimulation loading. To suppress the change in impedance of the anode electrolyte solution, perfusion was performed on the anode side. As shown in Fig. 6 , we constructed an environment that can perform perfusion using three kinds of pumps (Pump 1: QCP-29，Takasago Electric Inc., Pump 2: RP-Q1-S-P45A-DC3V, Aquatech Co., Ltd., Pump 3: CECS-0100 Takasago Electric Inc.). The electrodes and the salt bridges were changed about every 24 h. Figure 7 shows the electric field measurement results. It was confirmed that DCEF stimulation could be applied uniformly and continuously for 96 h at 301.9，611.9，and 912.3 mV/mm (meanS.D.). The reason for the slight increase or decrease in the electric field strength is considered to be above and below the liquid height in the culture area. In this study, the height of the liquid surface was controlled by adjusting the nozzle position on the culture medium discharge side and increasing the flow rate on the discharge side more than that on the supply side when perfusing the medium. However, the culture medium height reduced below the assumed position by the surface tension at the discharge nozzle tip. As a result, the impedance of the culture medium was changed, and the electric field strength was changed slightly. The slight change in the electric field strength was less than 10%; thus, DCEF can be loaded constantly. From the above, we succeeded in fabricating the bioreactor that can apply uniformly DC electric field stimulation.
PC12 cells culture and 3D scaffold
PC12 cells (RBRC-RCB0009, Lot No. 053) were provided by the RIKEN Cell Bank. Dulbecco's modified Eagle's medium (DMEM, D6046, Sigma-Aldrich Japan Co. LLC., Japan) supplemented with 10 horse serum (16050-122, Gibco, Life Technologies NZ Ltd., Japan), 5 fetal bovine serum (SH30396.03, HyClone Laboratories Inc., U.S.A.), and antibiotic (Antibiotic Antimycotic Solution (100×), Stabilized, A5955, Sigma-Aldrich Japan Co. LLC., Japan) was used as the culture medium. Pump 2
We adopted Cellmatrix ® Type -A (631-00653, Nitta Gelatin Inc., Japan) as a 3D culture scaffold. It plays an important role as an intercellular matrix. Furthermore, it became clear that its roles not only support the animal's body structure but also have a biological effect on cell development, differentiation, morphogenesis, etc. (Kraus et al., 2015; Arien-Zakay et al., 2009) . According to a previous study, Baldwin reported that neurite was extended by seeding collagen gel on PC12 cells and performing 3D culture (Baldwin et al., 1996) . The collagen gel has high transparency and ensures ease in microscopic observation. It was prepared as follows. A collagen solution was prepared by mixing an acid extract of collagen derived from porcine tendons at pH 3.0 with a concentration of 3.0 mg/ml, a concentrated culture solution, and a buffer solution for reconstitution and cell suspension. PC12 cells were supplemented with the culture medium, and 50 ng/ml NGF (NGF 2.5S, 13257-019, Thermo Fisher Scientific K.K., Japan) was added to prepare a cell suspension. The cell suspension density was 5.010 5 cells/ml. The collagen solution was incubated in a 5 CO2 incubator at 37 C for 30 minutes to prepare the collagen gel. The observation date was determined based on the nerve growth process. As we mentioned in a previous report, the nerve growth process is classified as Stage 1-Stage 5 (Nakamachi et al., 2018 (Nakamachi et al., , 2019 . At Stage 1, lamellipodia were formed. At Stage 2, multiple immature neurites were formed. At Stage 3, polarization occurred and axogenesis began. At Stage 4, other neurites differentiated into dendrites. At Stage 5, the maturation of axonal extension occurred. It takes approximately 24 h to reach Stage 3 and approximately 96 h to reach Stage 5. Therefore, there were observations after 96 h culture as the maturation growth stages of PC12 cells in 3D culture.
We assessed the uniform effect of DCEF stimulation on PC12 cells quantitatively. We took 3D images of PC12 cells in the collagen gel using a multiphoton excitation fluorescence microscope (MPM, TCS SP8 Multi-Photon, Leica Geosystems). The MPM performs fluorescence observation by exciting a specific molecule with plurality of photons and can take a 3D image by exciting such molecules only in the focal plane using infrared light. After 96 h of PC12 cells culture, we fixed them in the collagen gel with 4% paraformaldehyde. Then, PC12 cells were stained with Milli-MarkTM FluoroPan neuronal biomarker (MAB2300X, Merck KGaA, Germany) and DAPI solution (340-07971, Dojindo Laboratories, Japan). PC12 cells were observed in five selected regions of the culture region whose size was 443×443×500 μm per sample. The five "cubic" regions for MPM observations were selected from the whole cylindrical culture region, 6mm diameter and 3mm thickness. The surfaces of five "cubic" regions were located at 500 m below from the top surface of cylinder in X3 direction. In X1 -X2 plane, the center and four equi-divided angle points, which had the radial distance 1 mm from the central axis of cylinder, were selected. The image resolution in the vertical direction was 1.987 m. A chamber was set at the MPM so that the X1 axis in the positive direction is the direction of the electrical flux line. Figure 8 illustrates the definition of axonal length and orientation angle. The effectiveness of DCEF stimulation for enhancing nerve axonal outgrowth was evaluated using MPM images. For the measurement of PC12 cells axonal length and orientation, we used LAS X (Leica Application Suite X, Leica Microsystems, Japan) and image J. The axonal extension length was measured based on the criteria and definitions given below:
Definitions of axonal length and orientation of PC12 cells outgrowth
1. The cells should not be in contact with other cells. 2. Measurements were executed for only one axon in each cell.
3. If some neurites were extended from one cell, only the longest axon would be selected. 4. The axonal length was defined as the distance of straight line from the tip of the axon to the root of cell body surface as shown in Fig. 8 . 5. Neurite with a length of 30 m or more were defined as axons. 6. If the axons branched to several directions, only the longest branch would be selected. The axonal length was calculated by following topological equation.
‖ ‖ = √ 1 2 + 2 2 + 3 2 (4) = 1 1 + 2 2 + 3 3 (5) Here, as shown in Fig. 8 , the start point was defined by using the coordinate (0, 0, 0), and the edge of axon as the coordinate (L1, L2, L3) . The axonal extension direction is defined as the orientation angle 1 against electric field direction e1 and it is expressed by the direction cosine equation.
Here, it is judged that the axon was towards the cathode when 0≦1＜90 and the anode when 90≦1≦180. The more the electric field strength, the less the direction ratio of perpendicular extension against the electric field vector X1 direction. Consequently, we neglected to investigate the ratio of perpendicular direction against X1 direction. In addition, we evaluated the "axogenesis ratio" and "the ratio of orientation toward the anode." The axogenesis ratio was defined as the ratio of the number of cells that have the axon and the total number of observed cells. The ratio of orientation toward the anode was defined as the ratio of the number of cells that have the axon directed toward the 90≦1≦180 and the total number of cells having an axon.
DCEF stimulation conditions
Cork et al. reported that PC12 cells neurite was oriented toward the anode by DCEF, and investigated stimulation conditions of 0 mV/mm, 5 mV/mm, 10 mV/mm, 30 mV/mm, 60 mV/mm, 100 mV/mm, and 72 h (Cork et al., 1994) . In addition, Jing reported that PC12 cells axonal extension was promoted under stimulation conditions of 50 mV/mm and 2 h/day (Jing et al., 2019) . In our research, it is necessary to realize the effective enhancement of axonal outgrowth using our developed bioreactor. Therefore, we determined optimal stimulation condition based on response surface methodology. Two objective functions were adopted as I: the axonal length 1 and II: the ratio of orientation toward the anode 2, and further two design parameters were selected as the electric field strength and the duration. The conditions for stimulating PC12 cells were defined by using combinations of DCEF strength of 30 mV/mm, 60 mV/mm, and 90 mV/mm and the durations of 6 h/day, 15 h/day, and 24 h/day, and without stimulation was defined as the control group (number of experiment was once). After finding an optimal stimulation condition to generate a maximum axonal length 1, the experiment was carried out three times for validation.
To apply the PC12 cells with DCEF stimulation, a collagen gel with PC12 cells was placed in the center of the medium region in the bioreactor as shown in Fig. 6 . DCEF stimulation was loaded while continuing to perfuse the culture medium and electrolyte solution in the anode side, and the time change of the electric field strength was monitored for 96 h. The salt bridge and the electrolyte solution were exchanged approximately every 24 h.
Statistical Analysis
The Mann-Whitney's U test was used to compare the axonal length under optimal stimulation condition. The reason for the nonparametric test is that we measured the axons with 30 μm or more, and we considered that normality could not be assumed. The axogenesis ratios under each stimulation condition were analyzed by two-way analysis of variance (ANOVA) and the main effects on duration or electric field strength were confirmed. Tukey-Kramer's test was performed for comparison between groups. Figure 9 shows the multi focus images of PC12 cells axonal extension after 96 h culturing on X1-X2 plane and Figure  10 shows 3D images taken by MPM under each stimulation condition. We observed and evaluated five regions per sample. PC12 cells were distributed three-dimensionally within the observation regions, and it was indicated that axons were expanded under all stimulation conditions. A 1 was defined as objective function of axonal outgrowth, and Figure 11 shows the response surface of 1 approximated by using third order function, in which the mean values of normalized axonal lengths under the stimulation conditions were used. The normalization was calculated by using the mean value of axon length in the case of control. From the culturing results of axonal lengths in cases of the electric fields, 30 mV/mm, 60 mV/mm, and 90 mV/mm and the durations, 0 h/day, 6.0 h/day, 15 h/day, and 24 h/day, a response surface was constructed to search a global maximum condition. Here, the graph was plotted assuming that 0 h/day is synonymous with control group. Because of the application of DCEF stimulation to PC12 cells, it was discovered that axonal extension tends to be suppressed with increasing duration and electric field strength. However, axonal extension was be enhanced with duration of approximately 3-12 h/day. We found an optimal condition such as 43 mV/mm and 6.2 h/day for promoting a longest axonal extension. Therefore, we investigated the effect of DCEF stimulation on PC12 cells under optimal stimulation condition. The experimental method was the same as that described in sections 2.2 to 2.5. Figure 12 shows the 3D and multi focus images taken by MPM under optimal stimulation condition. Qualitatively, it was confirmed that the axons in the stimulation group were more expanded compared to those in the control group. Figure 13 shows a box plot of axonal length under optimal stimulation condition. There was significant axonal outgrowth effect on PC12 cells by the stimulation applied under the optimal stimulation condition (Mann-Whitney's U test, p<0.05). Figure 14 shows the axogenesis ratio under each stimulation condition. DCEF stimulation on axogenesis ratio was found to have a main effect on duration (two-way analysis of valiance, p<0.05). It was also discovered that DCEF influenced axogenesis negatively. As shown in Fig. 14, axogenesis ratio was significantly suppressed with increasing duration (Tukey-Kramer's test, p<0.05).
Results and Discussion 3.1 Optimal stimulation condition for PC12 axonal extension
Numerous numbers of physiological study to elucidate the axonal outgrowth enhancement mechanism have been investigated (Jing et al., 2019 and Lynch et al., 2018) . They concluded that the DCEF stimulation accelerates Ca 2+ inducement and consequently the expressions of Ⅲ-tubulin and neuro-filament, which construct the cytoskeleton of axon, is increased. In addition, it has been reported that ROS is generated in PC12 cells depending on DCEF strength, and when the concentration is appropriate, axonal extension is promoted (Jing et al., 2019) . However, it was reported that oxidative stress caused by excessive ROS concentration induces harmful neurite degeneration (Suzukawa et al., 2000) . The increasing intracellular ROS concentration was assumed to depend not only on DCEF strength but also on its duration. The decrease in axogenesis ratio may be due to neurite degeneration caused by oxidative stress due to longterm DCEF stimulation. Therefore, it is presumed that the axonal extension tended to be suppressed by excessive DCEF stimulation as shown in Fig. 11 . However, in the bioengineering aspect, we concluded that the optimal condition search for effective DCEF stimulation is very important research subject. Fig. 9 Multi focus images of axonal extension in PC12 cells (green: cell body and neurite, blue: nucleus, bar: 50 m);
(a1) Control -6 h/day, (a2) 30 mV/mm -6 h/day, (a3) 60 mV/mm -6 h/day, (a4) 90 mV/mm -6 h/day, 
Optimal stimulation condition for axonal orientation control
CNS has the feature of orientation controlled network structure such as hippocampal and cerebral cortex. Therefore, the second subject was to search the stimulation condition to control the orientation of axonal outgrowth. In this study, we evaluated the effect of DCEF stimulation on axonal orientation. The results of 2D culture of PC12 cells regarding axonal orientation in DCEF stimulation have been reported to be oriented toward the anode (Cork et al., 1994; Lynch et al., 2018) . Therefore, we defined the ratio of orientation towards the anode 2 as the objective function since we assumed that the axonal orientation should be also towards the anode in a 3D culture as well as in a 2D culture. Fig. 15 shows the response surface of 2 approximated by third order function, in which the ratio of orientation toward the anode (see section 2.3) under the stimulation conditions were used. As shown in Fig. 15 , it was confirmed that the ratio of orientation towards the anode was augmented greatly with increasing duration and electric field strength. In this study, we examined various durations and we found that the axons of PC12 cells were oriented toward the anode by DCEF stimulation applied for approximately 15 h/day, 60 mV/mm or more in 3D culture. In addition, we found the global maximum condition at 90 mV/mm and 24 h/day, in which the orientation ratio was 92 %.
The axonal orientation of PC12 cells towards the anode in a 2D culture has been investigated for 24 h/day stimulation (Cork et al., 1994; Lynch et al., 2018) . However, in 3D culture, the axonal orientation toward the anode was confirmed even with shorter stimulation. It has been reported that 3D culture increases the surface area of cells in contact with the extracellular matrix and its environmental factors, and reacts more sensitively against the stimuli than 2D culture (Kraus et al., 2015) . Based on this study, in 3D culture, it was suggested that axonal orientation can be obtained with less stimulation than the case of 2D in the previous studies. Rajnicek, A. M., et al. discussed the orientation of axonal outgrowth based on the physiological understanding. It has been reported that adaptation of DCEF causes steering of the growth cone toward the cathode of Xenopus neurons, and Cdc42 is activated by the inflow of Ca 2+ on the cathode side in the growth cone, causing actin nucleation and the filopodial and lamellipodial extensions. Furthermore, it has been reported that the growth cone collapsed due to the localization and activation of Rho on the anode side, and consequently the rotation toward the cathode side has occurred (Rajnicek, A. M., et al., 1992 (Rajnicek, A. M., et al., , 2006a (Rajnicek, A. M., et al., , 2006b (Rajnicek, A. M., et al., ,1998 McCaig, C. D., et al., 2002 McCaig, C. D., et al., , 2005 . However, Pelletier, S. J., et al. reported in his review paper that the effects of DCEF stimulation on various types of nerve cells have been studied, and the difference in axonal orientation depending on the type of animals and neural tissue was confirmed, but it is still not clear why the axonal extension direction is different (Pelletier, S. J., et al., 2015) . As described above, numerous studies have been conducted to clarify the orientation mechanism from a physiological aspect. On the other hand, a search of optimal stimulation condition for axonal outgrowth enhancement and orientation control in the bioengineering aspect has not been conducted. However, we found the optimal conditions such as 1 (axonal outgrowth enhancement) which is 43 mV/mm, 6.2 h/day, and 2 (orientation control) which is 90 mV/mm, 24 h/day. In addition, when combining the results of the orientation control and axogenesis ratio in section 3.1, it was suggested that there is a need to consider the effect of DCEF on axogenesis ratio under the long-term stimulation. The longer the stimulation time, the less the axogenesis ratio and the better the orientation ratio. It means the effects of DCEF stimulation on the outgrowth enhancement and the orientation control have the feature of conflict relationship. Therefore, the third subject was to clarify the stimulation condition that can simultaneously achieve the axonal outgrowth enhancement and the orientation control. 
Multi-objective optimal stimulation condition determination for axonal outgrowth
To achieve the neural network, which has a longer axonal length and a higher orientation ratio against the anode, a multi-objective function was adopted using two design parameters, such as the electric field strength (30-90 mV/mm) and the duration (0-24 h/day). An optimal condition using response surface method was determined. Multi-objective function f(ψi) was expressed using the following equation.
Here, 1 is the normalized axonal length and 2 is the ratio of axonal orientation towards the anode. C1 and C2 are the coefficients of two-objective functions that are heuristically determined. As we discussed in section 3.1 and 3.2, the enhancement of axonal outgrowth and the orientation control have the conflict relationship. Therefore, the several combinations of weight coefficients C1 and C2 in equation (7) were used to find the better condition. Figure 16 shows the normalized axonal length and the orientation ratio in five cases of C1:C2, as 0.0:1.0, 0.3:0.7, 0.5:0.5, 0.7:0.3 and 0.0:1.0. As a result, a ratio C1:C2=0.7:0.3 shows a better condition for both the axonal outgrowth enhancement and the orientation ratio. Figure 17 shows a multi-objective optimization result by using the response surface method. We confirmed that the global maximum was shifted towards the higher electric field strength compared with the enhancement of the axonal extension 1 as shown in Fig. 11 and we found an optimal stimulation condition at 70 mV/mm and 7.9 h/day. It was suggested that this optimal condition realizes longer axonal length and higher orientation ratio, simultaneously. In the future work, this stimulation condition can be utilized to design a bioreactor to generate CNS and repair the injured CNS. 
Conclusions
Here, we designed and fabricated a DCEF stimulation bioreactor for the 3D culture of nerve cells. Our findings were as follows:
(1) The DCEF stimulation bioreactor can apply a uniform electric field stimulation in a collagen gel that is designed by FE analysis. Moreover, it was confirmed that a constant DC electric field stimulation loading for a long duration was possible using an electric feedback circuit and attached perfusion system. (2) DCEF stimulation was applied to PC12 cells using our fabricated bioreactor. The optimal stimulation condition for the enhancement of axonal extension using response surface methodology resulted in 43 mV / mm and 6.2 h/day, where a 20.1% significantly increase of median value of axonal extension compared with the control group was obtained (Mann-Whitney's U test, p<0.05). Further, the optimal condition for the orientation ratio toward the anode in the 3D culture was obtained as 90 mV/mm and 24 h/day. Finally, we found the optimal condition to achieve enhanced axonal extension and orientation to be 70 mV/mm and 7.9 h/day by adopting the multi-objective function. From the above results, we can conclude that DCEF stimulation has an effect on the axonal extension and orientation angle, and our bioreactor has great potential for CNS regeneration.
